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ABSTRACT
Elemental contaminants aggregate in the environment due to human activity and can
induce detrimental physiological effects within organisms. Birds exhibit exceptional
susceptibility to many pollutants and are popular biomonitoring agents throughout the world.
Birds of prey are of special interest due to their substantial biomagnification potential. Lethal
sampling of internal organs yields accurate contaminant measurements, but recent sampling
trends are endeavoring towards non-destructive sampling such as feathers. This methodological
shift stems from researchers’ preference for less-regulated samples, enhanced animal welfare,
and broadening the possible collaborative audience with simpler protocols. Unfortunately,
investigations of feathers have shown that their accuracy is capricious due to a wide variation of
analysis results, which may be a result of external deposition or the broad temporal range of
feather contaminant assimilation.
The Red-shouldered Hawk, Buteo lineatus, is a diurnal terrestrial generalist found along
the Atlantic Flyway. This study investigated the blood feather, which is an actively growing
feather, as an alternative non-lethal sample type for quantifying elemental contaminants in B.
lineatus. Sex and age class influences were also investigated. Blood feather, feather, and kidney
tissues were collected from 50 B. lineatus and livers from 42 of the same B. lineatus. Samples
were analyzed using Inductively Coupled Plasma Mass Spectrometry (ICP-MS) for aluminum
(Al), phosphorous (P), chromium (Cr), manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni),
copper (Cu), zinc (Zn), arsenic (As), cadmium (Cd), gadolinium (Gd), and lead (Pb).
Blood feathers, when compared to feathers, had stronger correlations with internal organs
for As and Pb. There were significant sex differences in liver tissues for Co, Cu, Zn, Cd, and Ni,
where males generally contained elevated concentrations compared to females. The age class of
iii

the bird influenced the amount of metal accumulated in their organs. Prefledglings and fledglings
had significantly lower concentrations compared to either immature and mature birds for Al, Cd,
and Pb in liver tissues as well as Al, Mn, Fe, As, Cd, and Pb in kidney tissues. None of the B.
lineatus samples exceeded previously reported sublethal levels.
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CHAPTER 1: INTRODUCTION
Background

Metal pollutants are metal elements with a density of 5 g cm-3 or greater and an atomic
number of at least 20 (Ali and Khan 2018). These include cadmium (Cd), chromium (Cr), copper
(Cu), lead (Pb), zinc (Zn), and more. Elemental contaminants encompass a broader swath of
elements, including non-metals and metalloids, such as selenium (Se) and arsenic (As). In
Florida, elemental contaminants aggregate at elevated levels in the environment due to human
activity, including urbanization, roads, agriculture, and wastewater treatment (Duffus 2002; Li et
al. 2015). These pollutants are transported via runoff or through the atmosphere and are
deposited into sediments, which serve as a sink that retain these elements (Dhaliwal et al. 2018).
Plants later assimilate the contaminant-laden sediment into their stems and leaves (Otero et al.
2000).
Biomagnification is a term used to describe the principle by which ascendance in trophic
level leads to an increased pollutant concentration within an organism (Ali and Khan 2019). The
incidental uptake of contaminants continues from plants to insects and other terrestrial
invertebrates (Hoang and Rand 2009). Biomagnification has also been documented to occur in
aquatic environments (Cheung and Wang 2008). For both terrestrial and aquatic environments,
species inhabiting the apex of the trophic levels aggregate the most pollutants from the
environment via their diet. As organisms amass contaminants, interference with gene expression
and DNA repair can cause carcinogenesis and other detrimental effects (Beyersmann and
Hartwig 2008).
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Bioaccumulation is the compartmentalization of contaminants in various organs or other
tissues of an organism (Ali and Khan 2019). Bioaccumulation occurs at each trophic level, and
the contaminants are stored in a variety of tissues within an organism depending on its
physiochemical properties. For example, arsenite (AsO33-) or arsenate (AsO43-) found in polluted
drinking water can induce chromosomal changes in human bladders (Beyersmann and Hartwig
2008). In marine environments, fish encapsulate mercury (Hg) in muscle and can exhibit metal
concentrations that are seven orders of magnitude larger than concentrations found within their
habitat (Eagles-Smith et al. 2016).

Birds as Biomonitors
Since the use of canaries in coalmines in the early 1900’s, birds have continued to be a
popular biomonitoring specimen for environmental ecotoxicological studies (Pollock 2016).
Birds are found across the globe, allowing researchers to compare findings from local organisms
with those of similar species in other locations (Santiago Claramunt 2015). Birds also have
distinct plumage delineations in their early years, allowing age-based analyses, and their
predictable behavior allows for simpler sampling efforts (Burger and Gochfeld 2000).
The future of American avifauna is jeopardized by anthropogenic change. It is estimated
that 3 billion individual birds have been lost in the last 50 years due to human caused mortality,
amounting to a 29% decrease in overall abundance (Rosenberg et al. 2019). Many species are
imperiled due to habitat loss or climate change, and health issues through their life history from
contaminants further jeopardize their ability to adjust to their altering environment (Eagles-Smith
et al. 2016). The susceptibility of birds to contaminants has been a topic of research for many
decades (Ralph H. Allen 1958). Levels of pollutants in avian tissues positively correlate with
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proximity to the pollution source, such as city centers or manufacturing areas (Lopez-Antia et al.
2017). Further, their delicate physiology results in higher contaminant response rates compared
to other vertebrates, even at low background levels (Lourenço et al. 2016). The sublethal effects,
which are deleterious physiological responses barring death, can be observed in birds at every
critical life history point.
Beginning with the egg, elevated contaminant bioaccumulation increases embryonic
malformations and mortality events, in-turn decreasing reproductive success (Burger and
Gochfeld 1997). After hatching, these pollutants can induce histopathological changes such as
liver lesions and dystrophic hepatic necrosis (Kertész and Fáncsi 2003). Prefledgling birds
experience slower growth and higher mortality compared to chicks in pristine environments
(Spahn and Sherry 1999). As the bird begins to fledge, further side effects, such as dilapidated
feathers, hinder their ability to forage and escape predators (Spalding et al. 2000). Depending on
the element, adult birds continue to be susceptible to acute toxicity effects such as nephropathy
in kidneys, decreased egg production, and reduced clutch size (Scheuhammer 1987). Feather,
liver, and kidney samples have remained popular sample types for detecting pollutants in birds,
but other organs and tissues such as bone, intestine, testes, and the brain have been successfully
utilized (Scheuhammer 1987).
Currently, the most accurate and popular ways to measure maximal levels of metals in
birds is by sampling organs, whole blood, and developed feathers (Cooper et al. 2017; GómezRamírez et al. 2017; Irena et al. 2017; Zarrintab and Mirzaei 2018). While examinations of
mature feathers as a non-invasive substitute for blood or organ samples have been used, their
reliability is low, even within the same individual (Martínez et al. 2012). Selection of the optimal
non-lethal sampling method for elemental contaminant quantification is an area of active
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technical discussion. Feathers continue to be utilized as a popular sample type even if there is
wide variation in reported values (Dauwe et al. 2003; Yordy et al. 2013).
Birds of prey are of special interest for benchmarking metal contaminants because they
reflect maximal pollutant bioaccumulation through biomagnification when compared to other,
lower trophic-level avian species (Einoder et al. 2018). While previous metal studies have been
conducted in these apex predators, they have either been limited by sample size collected, or
contaminants detected (Naccari et al. 2009; Grúz et al. 2019). As the types of contaminants and
their quantities are dependent on local sources and conditions, metal studies of raptors in the
United States are important but challenging to execute (Yordy et al. 2013; William et al. 2016).
This can be due to stringent permitting for handling birds of prey as well as funding limitations.

Florida Birds of Prey and Buteo lineatus

Florida is an important terrestrial corridor for birds migrating through the Atlantic
Flyway which makes it an ideal sampling site for numerous raptor species. Many of Florida’s
raptors have yet to be investigated for metals. One of the two species that have been investigated
is the piscivorous Osprey (Pandion haliaetus), where levels of Cd, Cu, Cr, and Pb were
quantified in the feathers of adult P. haliaetus as well as the feathers and blood samples from
prefledglings, though no significant differences were found between the two distinct age groups
(Lounsbury-Billie et al. 2008). Florida P. haliaetus were also the subject of a later pollutant
study, where significant differences in the amount of total mercury (THg) measured from
feathers was found between prefledglings and adults (Rumbold et al. 2017). The only other
previously investigated Florida raptor species is the molluscivorous Everglades Snail Kite
(Rostrhamus sociabilis), an endangered raptor native to the Florida Everglades. Investigators
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quantified organochlorine pesticides, including dichlorodiphenyltrichloroethane or DDT, in
muscle tissues of salvaged nestling carcasses. Unfortunately, these investigations took place over
30 years ago and did not analyze the specimens for metals (Lamont and Reichel 1970; Sykes
1985).
Among the diverse assemblage of raptor species inhabiting Florida is the Red-shouldered
Hawk (Buteo lineatus). This generalist is found in forests and developed areas across the eastern
United States, as well as a small non-migratory population on the west coast (Fink et al. 2020).
These diurnal hawks have a broad diet ranging from small mammals, amphibians, songbirds,
crayfish, and insects (Slabe et al. 2019). While a species of least concern, B. lineatus is projected
to lose habitat due to urbanization, climate change-induced spring heat waves, and an increased
frequency of wildfires (IUCN 2016; Bateman et al. 2020a; Bateman et al. 2020b). B. lineatus has
four distinct age classes, which can be delineated by plumage (Figure 1). Prefledglings are
recently hatched individuals up to eight weeks of age and have not left the nest. Fledglings are
eight to fourteen weeks old and have started branching from the nest, foraging semiindependently, and flying short distances within the parent’s territory. At fourteen weeks the
birds are considered immature. These individuals are fully flighted, forage independently, and
have left their parents territory. A year after hatching, immature individuals become mature birds
after molting in their adult plumage.
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Figure 1: Age classes of Buteo lineatus by plumage
Source: Maxfield Weakley and Audubon Center for Birds of Prey Personal Correspondence

While numerous as a population, B. lineatus has been sparsely investigated for pollutants.
Organic contaminants were quantified by necropsy of muscle and liver samples in one immature
male and one immature female in South Carolina but the small sample size hampered attempts to
make reliable inferences (Yordy et al. 2013). For metals, a study in the Appalachia region of
Virginia collected blood samples from seventy B. lineatus and showed that adults had
significantly higher Pb concentrations than prefledglings and a significant difference between
individuals in urban and non-urban settings (Slabe et al. 2019). The study also reported that there
was no significant difference in lead values between males and females.
Non-lethal sample types, such as feathers and blood, are of particular interest for birds of
prey due to their long lifespans, stringent protections, and species conservation concern. Raptor
feather molt is developmentally similar to other birds and produces the same intraspecific
variation challenges as a non-lethal sample type (Iñigo et al. 2018; Abbasi et al. 2015). While
blood provides a more precise measurement, its use in an animal clinic setting, where injured
raptors are cared for in a controlled space, has been shown to yield significantly lower metal
concentrations compared to wild counterparts (Carneiro et al. 2015). This is likely due to various
6

ailments and conditions of admitted birds of prey affecting the labile blood sample. Furthermore,
blood collection requires additional technical training compared to feathers, which can be a
barrier for citizen science groups at bird banding stations. This limits blood sample use as an
avian biomonitoring agent and reduces the scope of possible research efforts. Feathers have yet
to be investigated within B. lineatus and investigating other non-destructive sample types is
crucial for broadening available methodologies.
Metals accumulate and manifest at high concentrations in filtering organs, but these
tissues are lethal to procure and challenging to correlate with less invasive feather sampling.
Permitting requirements have high barriers when justifying lethal take, especially for birds of
prey. Salvaging organs from carcasses of previously deceased wild birds circumvents limitations
on vital organ sampling but is impractical and cost intensive with respect to travel and storage.
Wildlife rehabilitation centers receive injured animals that may expire or require euthanasia.
These facilities can provide a controlled environment for specimen collection, including birds of
prey, and enable investigations with lethal and non-lethal samples without burdening wild
populations.
A competitive non-lethal sampling method may be valuable to the ornithological
community. Professionals are interested in elevating the animal welfare of their focus species
and expanding research participation to a larger audience. Raptor conservationists working with
endangered species would have the ability to participate more effectively in ecotoxicological
research and accurately gauge local pollutant influences on their species. This thesis will
examine the connection of liver and kidney organ metal concentrations to concentrations
detectable in feathers and the previously unexplored blood feather.
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Hypothesis

If active assimilation of elemental contaminants into feathers is more important for
predicting organ concentrations, then blood feathers will have a stronger relationship with
internal tissues. Unlike a fully developed feather, sometimes known as a hard-pinned feather,
the blood feather is still participating physiologically with the organism. The actively growing
blood feather contains vasculature at the base connecting the blood feather to the bird’s
circulatory system. This central artery is sealed at the end of feather formation and is no longer a
blood feather. Sample collection is similar to collecting feathers. Due to an innate staunching
system, a pulled blood feather rapidly shunts the dermal papilla to stop any bleeding and begins
regeneration of another blood feather (Yu et al. 2004). This approach, while mildly more
invasive than harvesting fully-grown feathers, has the potential to yield an active snapshot of the
mobilization of contaminants into a feather (Sánchez-Virosta et al. 2015).
This new sampling method would eliminate the uncertainty associated with estimating
when a specific hard-pinned feather was molted and would mitigate the influence of
contaminants from external deposition over an extended feather age (Veerle et al. 2004).
Typically, hard-pinned feathers are cleaned externally before analysis and the subsequent
analysis aims to quantify metals within the internal feather structure (Cooper et al. 2017). An
externally cleaned hard-pinned feather used for pollutant analysis will provide values from the
period when the feather was developing the internal structure. This is due to the feather being
physiologically cut off from the organism once full development is reached. Thus, using the
blood feather as a tool for metal analysis will yield a smaller temporal range of environmental
contaminant exposure.
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Alternative Hypothesis

If external deposition is more important than dietary accumulation for predicting
internal elemental contaminant values, then feathers will have a stronger relationship with
organ tissues. The blood feather maintains a continuous physiological exchange until it is fully
developed. While this sample type possibly assists in providing an accurate representation of
internal values, the blood feather as a sample type may not perform as well if external deposition
is a better predictor of organismal contaminant accumulation. The fresh, new blood feather may
not have enough time to allow normal external deposition to occur. While external cleaning aims
to remove deposited contaminants on all feathers, the stripping of the already small amounts
externally on a blood feather cause it to be less effective as a non-lethal sample type compared to
fully developed feathers if atmospheric or external deposition is influential.
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CHAPTER 2: METAL ANALYSIS OF ORGAN AND NON-LETHAL
TISSUES
A Florida Fish and Wildlife Conservation Commission Scientific Collecting Permit
(LSSC-19-00056A) was acquired to satisfy state permitting requirements of this research, and
University of Central Florida’s status as a public education institute is exempt from federal
permitting requirements.

Methods

Study Site

All field work was conducted in the clinic lab of The Audubon Center for Birds of Prey
located in Maitland, FL, in the central Florida area. This raptor rehabilitation center admits over
700 local patients a year, many of which succumb to their injuries and, thus, provide a valuable
source of tissues for research. Intake protocol attempts to record the following details: where the
bird was found, presenting ailments or injuries, keel score or fat score, cause of admission,
weight in grams, age from plumage, sex by weight, and species. The sampling effort took place
from 23 June 2019 until 6 August 2020. B. lineatus that succumbed to their injuries, via natural
causes or euthanasia as determined by the veterinary professional, within 24 hours of admission
were eligible for inclusion in this study.

Sample Collection

The eligible specimens were either sampled within 48 hours of expiration or sampled
after freezer storage. Frozen specimens were thawed in a 20°C refrigerator for 24 hours before
10

sampling. Specimens were placed on a sterile surgical drape and an autoclaved ceramic blade
was used for dissections. The blade was solely used to open the body cavity to prevent cross
contamination of organ tissues. Sex organs were visually examined, and breeding status was
noted if available. Organ and feather samples were placed inside sterile whirl-paks. Both
previously frozen specimens and those examined within 48 hours of expiration were sampled for
four tissues: liver, kidney, developed feathers, and blood feathers. Information from the intake
protocol was recorded and a necropsy report was made. Samples were then stored in a -20°C
freezer until transportation to University of Central Florida for later analysis.

Elemental Analysis

Samples were thawed, weighed, and oven dried at 60°C for 24 hours. Dried samples were
then weighed and placed into 50 mL or 15 mL conical Falcon tubes. Samples were then
submerged in 2 mL of 30% hydrogen peroxide (H2O2) (ACS grade; Fisher Chemical). Once
bubbling subsided, 2 mL of nitric acid (HNO3) (trace metal grade; Fisher Chemical) was added
into the conical tube. After the bubbling subsided again, the tubes were placed in an 80°C hot
water bath and samples dissolved within 60 minutes. Finally, the samples were added to a
polypropylene tube, diluted with ultrapure water by a dilution factor of 1:25, and sonicated.
Prepared solution tubes were placed into the autosampler of the Inductively Coupled
Plasma Mass Spectrometer (ICP-MS), Thermo Fisher Scientific iCap Qc, which is a robust
instrument routinely used in environmental elemental composition analysis (Djingova and Kuleff
2000). The sample was nebulized and introduced to an argon plasma. This process strips an
electron from the atoms present in the sample, and the positively charged ions enter the
quadrupole for separation based on the mass and charge (M/Z) ratio. Finally, the mass analyzer
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received and identified the individual ions. The iCap Qc instrument was operated in kinetic
energy discrimination (KED) mode of analysis with helium as the collision gas. Certified
reference materials (Inorganic Ventures) were prepared in 2% (v/v) HNO3 for internal and
calibration standards. Calibration standards were prepared at concentrations of 1 to 1000 μg L-1
(ppb). The limit of quantification (LOQ) was set at 1 μg L-1 (ppb) for all elements.
Samples were analyzed by ICP-MS in the Beazley Lab in the Department of Chemistry at
the University of Central Florida for aluminum (Al), phosphorous (P), chromium (Cr),
manganese (Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn), arsenic (As),
cadmium (Cd), gadolinium (Gd), and lead (Pb). Scandium (Sc), yttrium (Y), rhodium (Rh), and
bismuth (Bi) were used as internal standards. Samples were analyzed with quality control (QC)
standards every 25 samples.

Detection Limits

Values were converted by both dried mass and dilution factor to determine tissue
concentrations. Many feather and blood feather samples were below level of quantification
(LOQ) for Cr, Mn, Co, Ni, As, Cd, Gd, and Pb. For comparisons of this project’s B. lineatus
average values with previous findings or with previously established sublethal thresholds, only
the above-LOQ values were used. Reporting only above-LOQ sample averages allows a reduced
but comparable view for elemental contaminants in previously reported sample types, but
averages may be inflated with less lower concentration representation. Sublethal metrics focus
heavily on organ tissue concentrations, not feather concentrations. Most B. lineatus organ tissues
were above the LOQ with notable exceptions for kidney and liver Gd values as well as liver As
observations (Table 1).
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Table 1:Number of Sample Types Below LOQ for All Elements
Element and Isotope
Al 27
P 31
Cr 52
Mn 55
Fe 56
Co 59
Ni 60
Cu 65
Zn 66
As 75
Cd 111
Gd 157
Pb 208

Feather (n=50)
2
0
44
25
3
50
48
1
1
48
50
50
44

Blood Feather (n=50)
6
0
49
37
1
49
47
0
1
38
49
49
47

Kidney (n=50)
0
0
0
0
0
1
2
0
1
0
1
31
0

Liver (n=42)
0
0
0
0
0
0
0
0
0
12
0
27
3

Element labels include isotope number and sample type labels contain maximum number of
available samples. Values for each element indicate the number of observations below the LOQ
after conversion by mass and dilution factor.

Statistical Analyses

All analysis was performed with Microsoft Excel, version 16.0, and in R, version 4.0.2 (R
Core Team 2020). Outliers indicated by Rosner’s test, used for larger (n > 20) sample sizes, were
investigated further with Quantile-Quantile normality plots to determine removal (Millard 2013;
R Core Team 2020). Results below the level of quantification (LOQ) were excluded from
arithmetic mean and standard deviation calculations with the assistance of dplyr in R (Wickham
et al. 2021). Excluding below-LOQ responses may artificially inflate the mean values, but this
exclusion allows direct comparisons with previous findings and literature. Subsequent data
analyses with all ICP-MS values were examined for normality and homogeneity using ShapiroWilk Normality Test (R Core Team 2020) and Levene’s Test (Fox and Weisberg 2019). Due to
deviations from normality, logarithmic base 10 transformation of the data was performed in
Excel to better fit assumptions of normality and re-examined with Quantile-Quantile plots.
This project was interested in the relationship between non-lethal samples with respect to
organ tissue values. Pearson’s product correlation coefficient was calculated using the psych R
13

package to examine elemental associations with respect to each sample type (Revelle 2021).
Further, investigators were interested in possible sex-dependent differences in metal
concentrations among the specimens. A t-test was performed to assess for differences between
sexes with respect to each element according to sample type (R Core Team 2020). Finally, the
project contained specimens at four distinct life history stages and their influences on amounts of
elemental contaminants. Comparisons for elements by individual development stage was first
conducted using an analysis of variance model (ANOVA) and followed by a Tukey’s post-hoc
test (R Core Team 2020).

Results

Values below the LOQ would not be comparable to sublethal thresholds, due to the
values being much lower than previously established boundaries (Table 2). Above-LOQ values
for certain metals were converted from dry weight to wet weight concentrations for ease of
interpretation for sublethal comparisons (Table 2). This was accomplished by calculating the wet
weight concentration from the moisture content and moisture factor using Equation 1, where Xww
is the wet weight concentration, Xdw is the dry weight concentration, mfresh is the fresh mass, and
mdry is the dry mass.
𝑋𝑤𝑤 = 𝑋𝑑𝑤 (1 − (

𝑚𝑓𝑟𝑒𝑠ℎ −𝑚𝑑𝑟𝑦
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𝑚𝑓𝑟𝑒𝑠ℎ

))

(1)

The wet weight concentrations are generally lower than the dry weight values. None of
the elemental contaminants reported in this study exceeded sublethal levels (Table 2). The
highest kidney and liver Pb values were from the same individual, a mature male.

Table 2: Values of Elemental Contaminant Sublethal Effects from Previous Studies
Element
Cr
As
Cd
Pb

Sublethal Liver Value

Sublethal Kidney Value

> 4 (ug/g dw)
(Eisler 1986)
> 2 (ug/g ww)
(Eisler 1994)
> 45 (ug/g ww)
(Beyer and Meador 2011)
> 6 (ug/g dw)
(Pain et al. 1995)

> 4 (ug/g dw)
(Eisler 1986)
> 2 (ug/g ww)
(Eisler 1994)
> 65 (ug/g ww)
(Beyer and Meador 2011)
> 4 (ug/g ww)
(Beyer and Meador 2011)

This Study’s Max
Liver Value

This Study’s Max
Kidney Value

0.91 (ug/g dw)

3.34 (ug/g dw)

0.08 (ug/g dw)
0.02 (ug/g ww)
1.56 (ug/g dw)
0.41 (ug/g ww)

0.25 (ug/g dw)
0.06 (ug/g ww)
7.40 (ug/g dw)
1.75 (ug/g ww)
5.67 (ug/g dw)
1.34 (ug/g ww)

2.99 (ug/g dw)

Previous studies utilized waterfowl or field results for values indicated above.

Beyond means and standard deviations, subsequent analyses using t-test, Pearson’s
product correlation, ANOVA, and Tukey’s post-hoc test included below-LOQ logarithmically
transformed values. This was to better characterize the behavior of sample type, sex, and life
stage factors from the observed values.

Blood Feather

Mean values of each tissue type above the LOQ is shown below (Table 3). Feathers,
when compared to the developing blood feather, had a higher coefficient of variation for every
element except Al and Cu, and As.
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Table 3: Means and Standard Deviations of Elements for Each Sample Type
Element
Al
P
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Cd
Gd
Pb

Feather
42.7 ± 47.6 (n=48)
738 ± 713 (n=50)
1.87 ± 1.86 (n=6)
5.25 ± 6.67 (n=25)
53.1 ± 63.7 (n=47)
< LOQ
3.93 (n=2)
16.5 ± 4.13 (n=49)
196 ± 190 (n=49)
0.756 (n=2)
< LOQ
< LOQ
1.99 ± 2.17 (n=6)

Blood Feather
6.79 ± 8.06 (n=44)
2732 ± 1314 (n=50)
0.234 (n=1)
0.467 ± 0.183 (n=13)
53.1 ± 40.6 (n=49)
0.011 (n=1)
0.294 (n=3)
9.36 ± 3.40 (n=50)
182 ± 35.6 (n=49)
0.685 ± 0.404 (n=12)
0.009 (n=1)
0.003 (n=1)
0.699 (n=3)

Kidney
2.33 ± 2.19 (n=50)
15107 ± 1827 (n=50)
0.605 ± 1.04 (n=50)
6.88 ± 1.24 (n=50)
647 ± 301 (n=50)
0.182 ± 0.151 (n=49)
0.478 ± 0.925 (n=48)
19.7 ± 6.70 (n=50)
260 ± 322 (n=49)
0.071 ± 0.056 (n=50)
2.03 ± 2.21 (n=49)
.0002 ± .0005 (n=19)
0.427 ± 0.885 (n=50)

Liver
1.88 ± 2.48 (n=42)
12476 ± 3105 (n=42)
0.116 ± 0.174 (n=42)
17.9 ± 6.19 (n=42)
1680 ± 884 (n=42)
0.042 ± 0.041 (n=42)
0.141 ± 0.275 (n=24)
25 ± 29.8 (n=42)
130 ± 146 (n=42)
0.029 ± 0.022 (n=30)
0.433 ± 0.380 (n=42)
0.001 ± 0.001 (n=15)
0.389 ± 0.609 (n=39)

Values shown are from above-LOQ data and expressed in (ug/g) dry weight (dw).

Pearson product correlation coefficients were found to observe the relationship of
elemental contaminants between sample types within the specimens. Liver to blood feather As
coefficients were positive and statistically significant (r = 0.50, p < 0.05) while liver to feather
samples were weaker and nonsignificant (r = 0.25, p ≥ 0.05) (Figure 2). Kidney to blood feather
correlations were positive and significant (r = 0.44, p < 0.05) while the kidney to feather
coefficient was nonsignificant (r = 0.07, p ≥ 0.05) (Figure 2). The coefficient between feathers
and blood feathers was positive and significant (r = 0.46, p < 0.05) (Figure 2).
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Below-LOQ data was included and logarithmically transformed prior to test. The red line is a
linear fit. Values shown are Pearson’s Product Correlation Coefficients (r).
where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.
Figure 2: Pearson’s correlations of arsenic by sample type

For Pb, the correlation coefficient of feather to kidneys was positive and significant (r =
0.48, p < 0.05), however, the blood feather to kidney correlation was stronger (r = 0.66, p < 0.05)
(Figure 3). This pattern is repeated when observing the same correlations in liver tissue. While
feathers have a significant positive relationship (r = 0.35, p < 0.05), the blood feather has a
stronger coefficient (r = 0.65, p < 0.05) (Figure 3).
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Below-LOQ data was included and logarithmically transformed prior to test. The red line is a
linear fit. Values shown are Pearson’s Product Correlation Coefficients (r).
where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.
Figure 3: Pearson’s correlations of lead by sample type

Al, Cr, and Cd had significant pairwise correlations between liver and kidney samples (p
< 0.05) (Table 4). In Al, feather samples were positively correlated with blood feathers (r = 0.33,
p < 0.05) (Table 4). For Cr, blood feathers were not significantly correlated with livers (r = 0.17,
p ≥ 0.05) while feathers and livers exhibited a significantly positive coefficient (r = 0.35, p <
0.05) (Table 4). There were no further significant correlations.
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Table 4: Significant Pearson’s Correlations in Al, Cr, and Cd by Sample Type
Element

Sample
Blood Feather
Feather
Kidney
Liver
Feather
0.33*
Al
Kidney
0.57***
Liver
Feather
0.35*
Cr
Kidney
-0.46**
Liver
Feather
Cd
Kidney
0.91***
Liver
Below-LOQ data was included and logarithmically transformed prior to test. Values shown are
correlation coefficients (r) where * = p < 0.05, ** = p < 0.01, and *** = p < 0.001.

Sex

Sex of the individual was visually determined by visual inspection of the reproductive
organs during sampling. 17 male and 33 female B. lineatus were collected. Averages of aboveLOQ values for each element with respect to sex and sample type is given for all specimens
(Table 5).
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Table 5: Sex Dependent Means and Standard Deviations of Elements by Sample Type
Element
Al
P
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Cd
Gd
Pb

Sex
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂
♀
♂

Feather
55.5 ± 60.6 (n=17)
35.7 ± 38.1 (n=31)
468 ± 367 (n=17)
877 ± 808 (n=33)
1.10 ± 0.730 (n=4)
3.41 (n=2)
4.33 ± 2.50 (n=15)
6.63 ± 10.3 (n=10)
54.4 ± 48.3 (n=17)
52.3 ± 71.8 (n=30)
< LOQ
< LOQ
1.18 (n=1)
6.69 (n=1)
15.3 ± 3.12 (n=17)
17.2 ± 4.50 (n=32)
185 ± 52 (n=17)
216 ± 233 (n=32)
0.940 (n=1)
0.572 (n=1)
< LOQ
< LOQ
< LOQ
< LOQ
0.998 (n=2)
2.49 ± 2.60 (n=4)

Blood Feather
7.22 ± 10.5 (n=15)
6.57 ± 6.64 (n=29)
3023 ± 1260 (n=17)
2582 ± 1335 (n=33)
< LOQ
0.234 (n=1)
0.307 ± 0.153 (n=3)
0.515 ± 0.168 (n=10)
64.7 ± 50.8 (n=16)
47.4 ± 34.1 (n=33)
< LOQ
0.011 (n=1)
0.455 (n=1)
0.213 (n=2)
8.50 ± 3.35 (n=17)
9.81 ± 3.39 (n=33)
158 ± 19.4 (n=16)
180 ± 25 (n=33)
0.600 ± 0.329 (n=4)
0.727 ± 0.452 (n=8)
< LOQ
0.000990 (n=1)
< LOQ
0.00294 (n=1)
0.663 (n=1)
0.717 ± 0.995 (n=2)

Kidney
2.61 ± 2.43 (n=17)
2.19 ± 2.09 (n=33)
14655 ± 1577 (n=17)
15340 ± 1924 (n=33)
0.440 ± 0.414 (n=17)
0.690 ± 1.24 (n=33)
6.81 ± 1.51 (n=17)
6.92 ± 1.09 (n=33)
818 ± 321 (n=17)
560 ± 252 (n=33)
0.171 ± 0.117 (n=17)
0.188 ± 0.167 (n=32)
0.429 ± 0.485 (n=17)
0.502 ± 1.09 (n=32)
18.8 ± 6.48 (n=17)
20.1 ± 6.87 (n=33)
253 ± 257 (n=17)
264 ± 355 (n=32)
0.084 ± 0.069 (n=17)
0.064 ± 0.048 (n=22)
3.16 ± 2.10 (n=17)
1.43 ± 2.06 (n=32)
0.0003 ± 0.0004 (n=11)
0.0002 ± 0.0006 (n=8)
0.477 ± 0.662 (n=17)
0.402 ± 0.990 (n=33)

Liver
2.17 ± 1.78 (n=15)
1.71 ± 2.81 (n=27)
12734 ± 3583 (n=15)
12332 ± 2870 (n=27)
0.067 ± 0.066 (n=15)
0.144 ± 0.208 (n=27)
20.8 ± 8.26 (n=15)
16.3 ± 4.04 (n=27)
1540 ± 661 (n=15)
1758 ± 989 (n=27)
0.018 ± 0.023 (n=15)
0.055 ± 0.044 (n=27)
0.024 ± 0.013 (n=6)
0.180 ± 0.310 (n=24)
15.8 ± 31.7 (n=15)
30.1 ± 28.0 (n=27)
53.6 ± 57.3 (n=15)
173 ± 162 (n=27)
0.031 ± 0.028 (n=8)
0.028 ± 0.02 (n=33)
0.528 ± 0.322 (n=15)
0.380 ± 0.404 (n=27)
0.001 ± 0.001 (n=7)
0.001 ± 0.001 (n=8)
0.525 ± 0.629 (n=14)
0.313 ± 0.597 (n=25)

Values shown are from above-LOQ data and expressed in (ug/g) dry weight (dw).

A t-test was performed to observe differences of elemental contaminant levels with
respect to sex. For livers, Co, Cu, Zn, Cd, and Ni were significantly different between sexes from
birds of all life stages (Figure 4). These significant differences indicated male specimens having
higher values compared to females, with Cd as an exception. Kidneys were significantly
different for Fe and Cd. Blood feathers were not significantly different for any elements, whereas
feathers were significantly different for P and Mn.
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Below-LOQ data was included and logarithmically transformed prior to boxplot creation. T-tests
indicated Co, Ni, Cu, Zn, and Cd were significantly difference between sexes (p < 0.05).
Figure 4: Boxplot of sex differences for each element in liver samples from all age classes

When the t-test analysis was specified to the age class of the specimen, younger
specimens indicated fewer elemental differences by sex compared to mature birds. In livers,
mature birds retained their significant sex differences in Co, Cu, Zn, and now included As
(Figure 5). Mature birds did not retain the significant difference in Cd or Ni, but the Co, Cu, Zn,
and As retained the trend of male specimens containing elevated levels of elemental
contaminants compared to their female counterparts. In younger birds, immature birds retained a
difference in only Cu, and fledgling birds had no significant sex differences for any element.
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Below-LOQ data was included and logarithmically transformed prior to test. T-tests indicated
Co, Cu, Zn, and As were significantly difference between sexes (p < 0.05).
Figure 5: Boxplot of sex differences for each element in liver samples from mature birds

Mn in feathers exhibited sex differences for mature and immature birds but was not
significantly different at the younger fledgling stage. Kidney differences for sex was only
observed in Fe for immature birds. Finally, mature blood feathers had significant differences in
Zn values, immature birds had significant differences in Al and Co, and fledglings had
significant differences in Co.

Age

The developmental stage of an individual was determined by the plumage upon
admittance to the rehabilitation center. 12 prefledgling, 12 fledgling, 9 immature, and 17 mature
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B. lineatus specimens were collected. Averages and standard deviations of ICP-MS data from
kidneys above the LOQ for all specimens with respect to life stage is given (Table 6).

Table 6: Stage Dependent Means and Standard Deviations of Elements in Kidneys
Element
Al
P
Cr
Mn
Fe
Co
Ni
Cu
Zn
As
Cd
Gd
Pb

Prefledge
1.46 ± 2.16 (n=12)
14365 ± 1925 (n=12)
0.390 ± 0.931(n=12)
6.12 ± 1.26 (n=12)
389 ± 171 (n=12)
0.105 ± 0.039 (n=12)
0.190 ± 0.289 (n=11)
17.9 ± 7.33 (n=12)
116 ± 36.2 (n=12)
0.036 ± 0.009 (n=12)
0.152 ± 0.083 (n=12)
-0.00006 (n=4)
0.097 ± 0.082 (n=12)

Fledgling
2.19 ± 1.32 (n=12)
15887 ± 1682 (n=12)
1.02 ± 1.70 (n=12)
7.38 ± 0.990 (n=12)
627 ± 194 (n=12)
0.221 ± 0.209 (n=11)
1.20 ± 1.63 (n=12)
23.6 ± 8.49 (n=12)
352 ± 447 (n=11)
0.075 ± 0.051 (n=12)
0.583 ± 0.472 (n=12)
-0.0002 (n=2)
0.409 ± 0.791 (n=12)

Immature
2.49 ± 2.60 (n=9)
14432 ± 1705 (n=9)
0.288 ± 0.186 (n=9)
6.49 ± 1.29 (n=9)
705 ± 255 (n=9)
0.195 ± 0.101(n=9)
0.313 ± 0.368 (n=9)
18.9 ± 7.49 (n=9)
281 ± 242 (n=9)
0.092 ± 0.069 (n=9)
2.32 ± 1.66 (n=9)
0.0008 (n=4)
0.479 ± 0.439 (n=9)

Mature
2.96 ± 2.44 (n=17)
15438 ± 1742 (n=17)
0.633 ± 0.688 (n=17)
7.28 ± 1.09 (n=17)
814 ± 341 (n=17)
0.203 ± 0.169 (n=17)
0.228 ± 0.194 (n=16)
18.5 ± 2.70 (n=17)
291 ± 364 (n=17)
0.081 ± 0.064 (n=17)
4.36 ± 1.93 (n=16)
0.0002 ± 0.0004 (n=9)
0.646 ± 1.32 (n=17)

Values shown are from above-LOQ data and expressed in (ug/g) dry weight (dw).
The analysis of variance (ANOVA) model and Tukey’s post-hoc test indicated that Al,
Mn, Fe, As, Cd, and Pb values in kidneys of prefledgling birds were significantly lower than
those found in kidneys of mature birds (Figure 6). This difference was not observed between
prefledgling and fledgling individuals. Further, kidney concentrations of immature birds were
not significantly different compared to mature birds. Finally, a pattern can be observed where
there is an increasing concentration with respect to an increase of age class (Figure 6).
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Below-LOQ data was included and logarithmically transformed prior to test. ANOVA and
Tukey’s post hoc analysis indicated significant differences in age classes with a different letter
from other age classes within the same element (p < 0.05).
Figure 6: Boxplot of age class differences for Al, Mn, Fe, As, Cd, and Pb in kidneys

In livers, there was no significant difference in As values when examining stage (p ≥
0.05) (Figure 7). However, Pb was observed to have significant differences between prefledgling
birds and immature birds (p < 0.05) (Figure 7). The elements Al, Cu, and Cd had significant
differences between prefledgling and both immature and mature liver sample concentrations (p <
0.05) (Figure 7). The liver concentrations of P and Fe were significantly different between
fledglings and mature individuals (p < 0.05) (Figure 7). Finally, there were no significant
differences in elemental liver concentrations between the immature and mature individuals (p ≥
0.05) (Figure 7).
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Below-LOQ data was included and logarithmically transformed prior to test. ANOVA and
Tukey’s post hoc analysis indicated significant differences in age classes with a different letter
from other age classes within the same element (p < 0.05).
Figure 7: Boxplot of age class differences for Al, P, Fe, Cu, Cd, and Pb in livers
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CHAPTER 3: DISCUSSION
Above-LOQ means and standard deviations, where many feather and blood feather
results were not considered which may confer inflated averages, are still comparable to previous
findings of similar species from across the globe.
In Hungary, feathers of Common Buzzards (Buteo buteo) had higher As averages (0.33 ±
0.17 mg/g, n=40) and Pb averages (1.15 ± 1.40 mg/g, n=40) compared to B. lineatus, with As
(0.756 ug/g, n=2), and Pb (1.99 ± 2.17 ug/g, n=6) (Grúz et al. 2019). In Italy, B. buteo feather,
kidney, and liver tissues from 12 individuals were quantified for mean values and standard
deviations respectively in Cd (feather = 0.11 ± 0.06 ug/g, kidney = 0.55 ± 0.14 ug/g, liver = 0.21
ug/g ± 0.06), As (feather = 0.48 ± 0.27 ug/g, kidney = 0.23 ± 0.08 ug/g, liver = 1.31 ± 0.95 ug/g),
and Pb (feather = 1.23 ± 0.75 ug/g, kidney = 0.40 ± 0.14 ug/g, liver = 14.53 ± 3.75 ug/g)
(Naccari et al. 2009). The B. lineatus from this study had higher kidney and liver Cd values
(kidney = 2.03 ± 2.21 ug/g, n=49) and (liver = 0.4333 ± 0.380 ug/g, n=42). B. lineatus As means
were higher for feathers (feather = 0.756 ug/g, n=2), but lower for kidney and liver tissues
(kidney = 0.071 ± 0.056 ug/g, n=50; liver = 0.029 ± 0.022 ug/g, n=30). While Pb means in
feathers were higher in this study (feathers = 1.99 ± 2.17 ug/g, n=6), similar values were found
for kidneys (0.427 ± 0.885 ug/g, n=50), and lower values for livers (0.389 ± 0.609 ug/g, n=39).
In Florida, mature Osprey (Pandion haliaetus) feathers were analyzed and quantified for
Cr (1.08 ± 0.314ug/g, n=20), Co (0.0094 ± 0.148ug/g, n=20), Ni (0.967 ± 1.18ug/g, n=20), Cu
(8.05 ± 2.28ug/g, n=17), As (0.136 ± 0.161ug/g, n=20), Cd (0.112 ± 0.099ug/g, n=20), and Pb
(0.802 ± 2.20ug/g, n=20) (Lounsbury-Billie et al. 2008). Our feather values were higher for Cr
(1.87 ± 1.86ug/g, n=6), higher for Ni (3.39ug/g, n=2), higher for Cu (16.5 ± 4.13ug/g, n=49),
higher for As (0.756ug/g, n=2), and higher for Pb (1.99 ± 2.17ug/g, n=6). While samples from
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this investigation did not exceed sublethal values, blood samples from birds admitted to
rehabilitation centers have been previously reported to be lower compared to wild individuals
(Carneiro et al. 2015). If the difference between this investigation’s B. lineatus and wild
counterparts were the same as the previous study’s difference, their concentrations would still be
below sublethal levels. Conversely, the previous investigation’s blood differences may not be as
applicable to organ tissue differences found in this study and their possible wild counterparts.
The sampling of tissues instead of blood may yield a diminished, or broadened, difference
between admitted patients and wild individuals. A way to narrow this possible difference
between admitted patients and wild counterparts for future studies is sampling birds with a
healthy weight or individuals succumbing to quicker, mechanically induced injuries.

Blood Feather

Previous studies with B. lineatus utilized one possible prey, the earthworm, from the local
range of individual birds to predict blood Pb concentrations, but no correlations were significant
(Slabe et al. 2019). Muscle, bone, liver, gonad, and brain tissues were collected from Neotropic
Cormorant (Phalacrocorax brasilianus) and Great Kiskadees (Pitangus sulphuratus) (Cid et al.
2009). A Pearson’s product moment correlation examined the Pb and Cd relationship between
the tissues and found no significant correlations (Cid et al. 2009). In South Carolina, blood and
feather samples for two passerine species were examined using a Spearman rank correlation for
various metals. Only the Northern Cardinal (Cardinalis cardinalis) had significant coefficients
between the feather and blood samples for Pb (r = 0.408, p < 0.01).
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Feathers from this study had similar coefficients for Pb in kidneys (r = 0.48, p < 0.05)
and livers (r = 0.35, p < 0.05) compared to the C. cardinalis feathers and blood in South
Carolina. While the previous study utilized blood as an internal metric, the kidney is important
for blood plasma filtering and the liver for presenting products of digestion to blood for
circulation. The blood feather yielded a stronger and positive coefficient for both kidney (r =
0.66, p < 0.001) and liver (r = 0.65, p<0.001) compared to feather samples. The relationship of
the blood feather with internal physiological processes might contribute to the stronger
coefficient compared to the feather for Pb concentrations.

Sex

Many previous studies found no significant difference between sexes for metals (Grúz et
al. 2019; Cid et al. 2009; Slabe et al. 2019). While the initial sampling window was wide, the
specimens most appropriate for this analysis were collected within a three-month period,
between 24th March 2020 and 23rd June 2020. This small temporal range of collection happened
to coincide with the breeding season for B. lineatus. In Iran, Magpie (Pica pica) kidney and liver
samples were collected and examined for concentrations of Cd and results indicated liver
concentrations in males were significantly higher compared to females for all adults and
subadults (Zarrintab and Mirzaei 2018). The mature differences found presently may be further
evidence of maternal transfer of contaminants into eggs during the previous breeding season, but
possible differences in diet and metabolism should be considered.
This same result was observed in this current investigation of livers for the pooled age
classes of specimens, and maternal transfer may be a possibility due to the specimens being
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collected during breeding season, but general sex dependent differences should also be
considered. Investigations of organs from younger life stage groups for sex differences are rare.
The observation of fewer sex differences for immature and fledgling specimens from this current
study may lend further credence to the phenomena of maternal transfer, as only mature birds
would participate in the breeding season. Prefledglings could not be investigated for sex
differences due to only obtaining one female specimen. Sex differences should be investigated
with birds outside of the breeding season to determine basal differences between male and
female organisms.

Age

Some previous studies found no significant difference between life stage for metals (Grúz
et al. 2019; Brown et al. 2019). In Iran, Magpie (Pica pica) liver samples were collected and
examined for concentrations of Cd where mature individuals had significantly higher
concentrations compared to immature individuals (Zarrintab and Mirzaei 2018). In Tasmania,
concentrations of Pb and Zn was quantified in feathers of the prefledgling and mature individuals
of White-bellied Sea-eagle (Haliaeetus leucogaster) and significant differences were found in Zn
but not Pb (Einoder et al. 2018). In Virginia, B. lineatus blood was measured for Pb and showed
mature birds having a significantly higher concentration compared to prefledglings (Slabe et al.
2019).
This current investigation observed similar age class-dependent results of contaminants,
but for different sample types of elemental contaminants. For Fe, As, and Cd in kidneys as well
as Al, and Cd in livers, there was a clear upward trend of contaminant concentration and stage.
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This indicates the later stage of a bird confers higher elemental contaminant values. Significant
differences were only observed between the youngest stage and the two oldest stages. The lack
of difference between prefledgling and fledgling stages may be due to the continued heavy
parental care of offspring after leaving the nest, before fledglings can forage on their own outside
of the parental territorial range.

Conclusion

The B. lineatus results were higher in multiple metals than previous ecotoxicological
studies of Florida raptors. While samples did not reach sublethal concentrations, investigations in
birds of prey that forage in less pristine habitat are needed. The blood feather was observed to
have a stronger relationship with internal organ tissues for key elemental contaminants compared
to feathers. More effort should be put toward comparing blood feathers and feathers in other
species and comparing both to blood and organ concentrations. Sex differences observed in
tissues of mature birds, especially those differences that increase with development, may be
attributed to maternal transfer. Future studies need a wider sampling period to include before and
after breeding season collection of specimens, particularly mature individuals. Age class
dependent concentrations were similar to previous investigations and mature individuals
routinely contained the highest contaminant concentrations. Future projects examining potential
ecotoxicological effects in birds of prey should focus on the oldest individuals if maximal values
are of most interest.
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